Objective: In vitro and in vivo comparisons of bone mineral density (BMD) and body composition between GE/Lunar pencil (DPXL) and fan-beam (PRODIGY) absorptiometers. Design: Comparison of BMD, bone mineral content (BMC) and area of lumbar spine (L2-L4), femoral neck and total body. Total body composition compartments tissue (TBTissue), fat (TBF), lean tissue (TBLean) and %TBF were also compared. Setting: Centre for Bone and Body Composition Research, University of Leeds. Phantoms/subjects: A range of spine phantoms, a variable composition phantom (VCP) and total body phantom. A total of 72 subjects were included for the in vivo study. Results: In vitro: A small significant underestimation of BMD by the Prodigy compared to the DPXL ranging from 0.7 to 2% (po0.05-0.001) for the spine phantoms. The Prodigy underestimated the VCP %Fat. Although the Prodigy underestimated phantom TBBMD by 1.171.0%, TBBMC and area were reduced by 8.271.4 and 7.371.0%, respectively. The Prodigy overestimated TBTissue 1508 g (2.2%), TBLean 588 g (1.2%), TBF 919 g (4.8%) and %TBF (0.8%). In vivo: BMD cross-calibration was only required in the femoral neck, DPXL BMD ¼ 0.08+0.906*PRODIGY BMD . The Prodigy had higher estimates for TBTissue 1360 g (2.3%), TBLean 840 g (2.0%), TBF 519 g (3.4%), TBBMC 32.8 g (1.3%) and %TBF (0.3%). Cross-calibration equations were required for TBTissue DPXL ¼ À1158+0.997*TBTissue PRODIGY and TBBMC DPXL ¼ 89.7+0.949*TBBMC PRODIGY . Conclusions: Small differences between the two absorptiometers for both BMD and body composition can be made compatible by use of cross-calibration equations and factors. The discrepancy in body composition compartments requires further research.
Introduction
Pencil-beam dual-energy X-ray absorptiometry (DXA) is an established technique used for studies of bone mineral and body composition (Mazess et al, 1990) . A technical development of DXA has been the introduction of fan-beam technology with resultant reduced scanning times and improved image resolution .
It has been verified that differences in bone mineral and body composition measurements occur when pencil-beam DXA machines from the same (Paton et al, 1995 : Tataranni et al, 1996 Economos et al, 1997; Oldroyd et al, 1998b) and also from different manufacturers (Van Loan & Mayclin, 1992; Tothill et al, 1994) are compared. Recent studies have also shown similar differences when pencil-and fan-beam DXA machines from the same manufacturer are compared (Blake et al, 1993; Faulkner et al, 1993; Abrahamsen et al, 1995; Franck et al, 1995; Bouyoucef et al, 1996; Barthe et al, 1997; Ellis & Shypailo, 1998; Ruetsche et al, 2000; Kolta et al, 2000; Tothill et al, 2001) .
We have recently replaced a GE/Lunar pencil-beam densitometer (DPXL) with a GE/Lunar fan-beam densitome-terFthe PRODIGY. It was therefore essential to perform cross-calibration studies between the two densitometers to determine if any systematic differences in calibration occur since different scanning technologies are used. The pencil beam utilizes a rectilinear scan to provide a projection of bone on a single detector. The fan beam has an array of multiple detectors and the projected area of bone imaged on the detector is magnified depending on the bone distance from the X-ray source and detector array. The Prodigy narrow angle fan beam eliminates beam distortion at the ends of the beam path and software corrects for magnification. Both the DPXL and Prodigy densitometers have the Xray source located below and the detector(s) above the patient bed Mazess & Barden, 2000; Nord et al, 2000) .
This study was initiated to examine if any intermachine differences occurred when a DPXL pencil beam absorptiometer was upgraded to a Prodigy fan-beam. Since reference data will have to be obtained on pencil beam densitometers and longitudinal studies need to be continued on the fanbeam densitometer, it is imperative to identify any differences between them. In vitro studies involved a range of semianthropometric spine phantoms, a variable composition phantom (VCP) and a total body phantom. Determination of short-and long-term in vitro precision, estimates of BMD, BMC , area and body composition compartments were compared between the two densitometers. Where data were available from the manufacturer for bone mineral density (BMD), bone mineral content (BMC), and area of their phantoms these data were compared to the values obtained from both densitometers. Comparisons of short-term precision and estimations of bone and body composition between the two densitometers were repeated in vivo.
Materials and methods
The GE/Lunar PRODIGY densitometer utilizes a narrow fan beam (4.51) orientated parallel to the longitudinal axis of the body. This is in contrast to previous densitometers where the fan beam was orientated perpendicular to the longitudinal axis of the body with fan beam angles of 301 (Hologic QDR 4500) and 121(GE/Lunar Expert). A dual-energy X-ray source with peak X-ray energy of 80 kVp and a current of 3 mA with a K-edge filter (cerium 300 mg/cm 2 ) gives effective energies of approximately 38 and 70 keV. The detector consists of an array of energy-sensitive cadmium zinc telluride (CZT) detectors of length 5 cm (16 elements each 3 mm wide) allowing rapid photon counting. Imaging is typically over a 24 mm length with longitudinal steps of 17 mm. Pixel size for spine, femoral neck, and total body standard scan modes are 0.6 Â 1.05, 0.6 Â 1.05 and 4.8 Â 13.0 mm compared to 1.2 Â 1.2, 1.2 Â 1.2 and 4.8 Â 9.6 mm for the DPXL. There is a magnification effect associated with fan-beam densitometers (Griffiths et al, 1997) ; to reduce this effect, a software correction is utilized with the Prodigy densitometer. Scan times for standard mode spine and femoral neck are reduced to 30 s and total body to 5 min compared to 8 and 20 min for medium scan mode on the DPXL. BMD measurements were made at the PASpine (L2-L4), dual femoral neck and total body. The femoral neck positioning device allows both legs to be abducted, inwardly rotated 251, and scanned without repositioning. Software version 4.0 was used for analysis. Skin entrance surface dose for the standard scan modes for PASpine (L2-L4), femoral neck and total body were 37, 37 and 0.4 mGy, respectively, and effective doses o1 mSv for all modes .
Pencil-beam measurements were made with a Lunar DPXL densitometer which utilizes a constant potential X-ray tube at 78 kVp and a K-edge fitter (cerium) to produce a congruent beam of stable X-rays with energies at 38 and 70 keV. BMD measurements were made at the PASpine (L2-L4), right femoral neck and total body. The femoral neck positioning device allows the leg to be abducted and then inwardly rotated by 251. Analysis was made using Version 1.34 software. Extended research analysis was used for total body composition analysis. Skin entrance surface dose for the medium scan mode for PASpine (L2-L4), femoral neck, and total body on the DPXL were 6.1, 6.1, and o0.1 mGy, respectively, with effective doses o1 mSv in all modes.
To compare the magnification effect of the Prodigy, comparisons were made with a Lunar Expert (Ge/Lunar). This densitometer also utilizes a fan beam (121). The X-ray source and detector array are mounted on a rotating C-arm and scans are made with the X-ray source above and the detectors below the patient (Lang et al, 1997) .
The in vivo study groups consisted of both patients [anorexia (n ¼ 13), cystic fibrosis (n ¼ 23)] and normal subjects (n ¼ 36) ( (Wahner et al, 1988; Blake et al, 1998) .
European spine phantom (ESP)
This phantom was developed for cross-calibration of DXA devices (Kalender et al, 1995 (Lees et al, 1997) .
Leeds prototype spine phantom
The spine phantom is composed of five simulated vertebrae (L1-L5) constructed from epoxy resin and bone analogue grade hydroxyapatite. The phantom is scanned in 15 cm rice to simulate soft tissue (%Fat ¼ 24%) (Milner et al, 2000) . Currently, the phantom is uncalibrated for BMD, BMC and area.
Bona fide spine phantom
This phantom is intended primarily for quality control of GE/Lunar densitometers. It is a calcium hydroxyapatite step wedge with curved sides embedded in acrylic simulating soft tissue (26%Fat). It has four vertebrae with BMD ranges of 0.6-1. (Diessel et al, 2000) .
Leeds total body phantom
The total body phantom is constructed with aluminium representing the skeleton and a number of elliptical/circular cross-section polythene containers filled with distilled water. Polythene represents fat and distilled water lean tissue. The aluminium skeleton is placed on the scanning bed and the polythene containers placed on top. The area and volume of the aluminium skeleton ¼ 1800 cm 2 and 1310 cm 3 , respectively. Using the BMC value of 1.53 g/cm 3 for aluminium (Mazess et al, 1991) , the BMC of the phantom ¼ 2004 g and total body BMD ¼ 1.113 g/cm
Assessment of short-term in vitro precisions (same day) was made for all phantoms. In vitro long-term precisions (1 y) were measured to monitor any systematic changes with time because of scanner drift, recalibrations or software changes.
Statistical analysis
Comparison of the two densitometers was made using linear regression analysis. The ideal parameters for comparison of regression are: slope ¼ 1, intercept ¼ 0, correlation coefficient (r) ¼ 1 and standard error of estimate (s.e.e.) ¼ 0. Crosscalibration data can be analysed by two methods. In the first method, equations are derived so that measurements on the 'old' densitometer can be converted to agree with the 'new' densitometer. In this case, the 'new' measurements are plotted as the dependent variable and is normally used for longitudinal studies that will be continued on the 'new' densitometer.
In the second method, used in this study, the 'old' measurements are plotted as the dependent variable. This correction is required if the calibration file on the 'new' densitometer is to be edited to force agreement with the in vivo BMD calibration of the old scanner. This step is used by manufacturers to ensure continuity of BMD calibration on successive generations of equipment; in particular, fan and pencil beam densitometers. The statistical error of the Cross-calibration studies B Oldroyd et al intercept of each regression line is evaluated and if the 95% CI includes zero, the regression analysis is repeated with the intercept forced through the origin. The slope and the 95% CI of the regression line through the origin for each scan site should be examined to determine if it is significantly different from unity. If the slope is significantly different from unity, then BMD results on the 'old' densitometer should be multiplied by this factor to put a consistent BMD scale with the 'new' system (Blake et al, 1998) .
To determine the compatibility of the pencil and fan-beam absorptiometers, the differences between the two devices were also analysed using Bland and Altman analysis (1986) . In this analysis, the difference between two measurements are plotted as the dependent variable against the mean of the two measurements plotted as the independent variable. The mean difference (bias), 95% CI for the difference (72 s.e. of the mean difference), and limits of agreement (72 s.d. of mean difference) are calculated. The mean difference is considered to be significant if the 95% CI of the mean difference does not include zero. Correlation of the differences and mean values is calculated to determine if the mean difference is dependent on the magnitude of the measurements. In this study, the DPXL was considered to be the reference densitometer and the difference to be ProdigyÀDPXL.
Short-term in vitro precision measurements were made by scanning the various phantoms 10 times, with repositioning between the measurements, on the same day. In vitro precision was expressed as % coefficient of variationð% CVÞ ¼ ðs:d:=mean valueÞ Ã 100
In vivo precision was determined by scanning 10 subjects twice on the same day, with repositioning between scans. For in vivo precision, the error standard deviation (s.d.) was derived from the following equation:
where n is the number of patients and x i and y i are paired measurements for i ¼ 1 to n.
The %CV is derived from the equation:
%CV¼ðs:d:=mean valueÞ Ã 100
Paired Student's t-tests were applied to test for significant differences between bone and body composition compartments between the two densitometers.
Statistical analysis was performed using 'Analyse-it', the statistical software package with Microsoft Excel 97. In this study, a P-value of o0.05 was considered significant.
Results

In vitro
The comparison between the fan and pencil-beam densitometers for the various spine phantoms used in the study is shown in Table 2 . Compared to the Lunar phantom values the Prodigy underestimated BMD (1.1%) and overestimated BMC (0.7%) and area (1.6%), while the DPXL overestimated BMD (1.1%), BMC (1.6%) and area (0.4%). For the ESP phantom, a BMD overestimation of 14.1 and 13.8% occurred with the Prodigy and DPXL, with area underestimations of 5.5 and 8.1% and BMC overestimations of 8 and 4.7%, respectively. Both densitometers overestimated BMD of the Hologic phantom by approximately 25%, which may be because of differences in edge detection algorithms and calibration of Hologic and Lunar densitometers. Both the Prodigy and DPXL overestimated the nominal BMD of the Bona fide phantom by 1.3 and 0.4%, respectively. Compared to the DPXL, the Prodigy underestimated the Leeds spine phantom by 0.011 g/cm 2 (1.2%). All in vitro short-term precision (%CV) were below 1%. Long-term in vitro (1.0 y) BMD precisions for the Lunar, Hologic, and ESP phantom had similar values to the short-term precision for both densitometers. No systematic trend of BMD with time was observed indicating the stability of the densitometer. 
Cross-calibration studies B Oldroyd et al
The comparison between the two densitometers for the five different soft tissue compositions of the VCP are given in Table 3a . For each composition, the fan beam is significantly lower (0.5-1.2%) than the pencil beam except for the nominal 44.4% fat composition (P ¼ 0.07). The comparison of in vitro precision (%CV) between the densitometers shows comparable values except for the nominal 16% fat composition. The fan-beam densitometer measurements for %Fat showed the closest agreement with the nominal %Fat values.
Long-term precision (1.0 y) showed an increase for all %Fat values for both fan and pencil beam. The fan beam had the highest values ranging from 2.9 to 10.3%, corresponding pencil-beam values ranged between 1.5 and 4.0%. All precision values increased with reducing %Fat values.
The comparisons of bone and body composition compartments for the total body phantom are shown in Table 3b . Compared to the estimated values, the Prodigy accurately measured TBBMD, but underestimations of 3.5% occurred for both TBBMC and area. In contrast, the DPXL overestimated TBBMD (1%), TBBMC (5.1%) and area (4.0%). The body composition compartments were all significantly higher on the Prodigy with a highly significant increase in TBTissue ¼ 1508 g (2.2%). The Prodigy yielded significantly higher values for TBLean (5887657 g, Po0.05) and TBF (9197732 g, Po0.005), but only a 0.871.0% increase in %TBF. In vitro short-term precision values were all below 1% for the bone compartments, and for the body composition compartments precision values were highest for the fat compartments. Long-term (1.0 y) precision values for TBBMD and %TBF for the Prodigy were 0.8 and 2.5% compared to 0.5 and 4.3% for the DPXL with no systematic trends with time.
To observe the effect of magnification of the Prodigy, a comparison was made with a Lunar Expert densitometer. The VCP was utilized with the nominal 24% fat combination, that is (4) acrylic blocks, (2) vinyl and (2) PVC sheets. The aluminium spine phantom was then placed at the bottom and top of the VCP phantom and also between the acrylic blocks so that the height of the aluminium spine phantom could be varied from 0, 5, 10, 15 and 20 cm above the bed. When the results were normalized to the 10 cm height above the bed, the per cent variations observed for the Prodigy and Expert were BMD: 0.0270.6/0.370.6%; BMC: À0.170.9/ 0.777.9% and area: À0.170.2/0.778.1%, respectively (Table 4 ). The magnification effect observed with the Prodigy on BMC and area resulted in only small variations compared with the Expert. Cross-calibration studies B Oldroyd et al
In vivo
The in vivo short-term precision values determined for the Prodigy fan beam for both bone and body composition show an improved precision compared to the pencil-beam precision determined in a previous study (Woodrow et al, 1996) ( Table 5) .
Comparison of the fan/pencil-beam densitometers results for the lumbar spine, femoral neck, and total body BMD shows no significant differences. However, comparisons of BMC and area for the femoral neck and total body show significantly higher values for the fan beam densitometer of 0.09 g (2%), 0.08 cm 2 (2%) and 32.8 g (1.4%), 30 cm 2 (1.4%), respectively (Table 6 ). The results of the linear regression analysis are summarized in Table 7 . The pencil-and fan-beam measurements were highly correlated (r 2 ¼ 0.94-0.98) for the three sites.
Only for the femoral neck was the intercept significantly different from zero (Po0.05) and the slope significantly different from one (Po0.05). For all three sites, the %s.e.e. results (1.1-3.2%) were comparable to the short-term precision (1.1-1.7%) results. When the regression analysis is made with the intercept forced through zero, the slope of the regression lines changed from 0.968 to 0.998 for the PASpine and 0.994 to 1.001 for total-body BMD. 
The Bland-Altman analysis of the three sites indicated no significant offsets. The largest individual differences were observed at the femoral neck (maximum 6.7%). Only for the femoral neck BMD did the correlation between the differences and the mean value approach significance (P ¼ 0.07) ( Table 9 ).
Body composition
Comparison of body composition compartments indicated that the fan beam was significantly higher for all compartments, ranging from 1360 g (2.3%) for TBTissue to 0.3% (1.2%) for %TBF (Table 8) . When compared with scale measured body weight, the pencil-beam-derived DXAwt was significantly lower, 0.45 kg (Po0.0001) and fan-beam-derived DXAwt significantly higher, 0.94 kg (Po0.0001).
Linear regression analysis of the compartments indicated that only TBTissue and TBBMC had an intercept significantly different from zero and TBBMC also had a slope significantly different from one. Similar to the BMD regression analysis, the %SEE (0.7-5.7%) were comparable to the short-term precision (0.3-2.9%) results (Table 7) .
Forcing the regression lines for TBLean, TBF, %TBF through zero resulted in the following correction factors: 
The Bland-Altman analysis for the body composition compartments indicated significant offsets for all compartments (Table 9) . The feasibility of using the ESP for PASpine (L2-L4) crosscalibration between the two densitometers was determined by estimating the mean BMD values of the individual simulated vertebrae. They were estimated from the 10 measurements used in the short-term precision study. The Prodigy BMD values were 0.614, 1.087 and 1.626 compared to 0.611, 1.098 and 1.598 g/cm 2 for the DPX-L. Differences were 0.003 g/cm 2 (0.5%), 0.011 g/cm 2 (1.0%) and 0.028 g/ cm 2 (1.7%), respectively. The in vitro and in vivo regressions were compared and an in vitro cross-calibration equation was derived from the ESP (Figure 1 ).
BMD DPXL ¼0:02ð95% CI À0:42 to 0:46Þ þ 0:974 ð95%CI 0:6 to 1:35ÞÃBMD PRODIGY ð7Þ
Since the intercept was not significantly different from zero, the regression was forced through zero to obtain a correction factor. This factor is in close agreement to the in vivo factor of 0.998.
Similarly, an in vitro cross-calibration equation was derived for %Fat using the five %Fat configurations of the VCP (Figure 2 ). %Fat DPX ¼0:82ðCI¼À0:64 to 2:27Þ þ 0:999 ð95% CI¼0:954 to 1:044ÞÃ%Fat PRODIGY
Since the intercept was not significantly different from zero, the intercept was forced through zero to obtain a correction factor. %Fat DPXL ¼1:024ð95% CI 1:008 to 1:039ÞÃ%Fat PRODIGY ð10Þ
The VCP-derived %Fat correction factor (1.024) shows a different relationship between the two densitometers than that observed in vivo (0.986) because of the pencil beam measuring higher %Fat values for all VCP configurations compared to the fan beam.
Discussion
In the in vitro spine phantoms study, the BMD comparisons showed that the fan-beam densitometer tended to measure slightly lower values of BMD than the pencil beam; for the semi-anthropometric phantoms these differences were all within 1%. The largest difference occurs with the aluminium spine phantom (2%). Neither densitometer showed an improvement over the other in measuring known area values of the phantoms. No significant differences in BMD were observed for the in vivo lumbar spine measurement site and no magnitude dependence was observed. The ESP-derived in vitro crosscalibration factor ¼ 0.991 was in close agreement with the in vivo cross calibration factor ¼ 0.998, confirming the feasibility of using this phantom for cross-calibration of absorptiometers as recommended by Genant et al (1994) . In the femoral neck in vivo comparison, although the Prodigy measured significantly higher values of BMC and area, there was no significant difference in BMD. The femoral neck was the only site with an intercept significantly different from zero and slope significantly different from one, and was also the only site to indicate a small magnitude dependence on BMD. The femoral neck has inferior precision values (1.5 and 1.7%) compared to the other sites, reflecting the difficulty in obtaining identical rotation of the femoral neck for measurement comparison. Additionally, in this in vivo study, different positioning devices were used for the pencil-and fan-beam measurements which may have introduced a measurement error.
The total body phantom, with aluminium representing bone, did not reflect the differences observed in vivo. The in vitro results indicated that the Prodigy measured significantly lower values of TBBMD (1%), TBBMC (8.2%) and area (7%) compared to the DPXL. However, in the in vivo comparison, although there was no significant difference in TBBMD, the Prodigy measured significantly higher values of TBBMC (1.3%) and area (1.4%). However, in a previous study using the total body phantom to compare the DPXL with a DPX, only small differences were observed in BMD (0.8%), BMC (0.7%) and area (1.5%) (Oldroyd et al, 1998b) . It was also observed with the aluminium spine phantom that the Prodigy measured significantly lower values of BMC and area compared to the DPXL. This may reflect a difference in the way aluminium and bone are analysed by the densitometers. The TBBMD in vivo study indicated no significant differences and no magnitude dependence.
The results of the BMD comparisons at the three sites are similar to those observed by , who reported no significant offsets or magnitude dependence when the Prodigy was compared with a DPX-IQ. However, differences in the slopes of the regression equations were observed between the two studies: DPXL:DPX-IQ vs Prodigy, lumbar spine 0.968:1.003, femoral neck 0.906:1.023 and total body 0.993:1.000.
The comparison of body composition parameters from the total body phantom indicated higher values for the Prodigyderived TBTissue, 1.5 kg (2.1%), %TBF 0.8%, TBLean 690 g (1.4%) and TBF 930 g (4.9%) compared to 1.36 kg (2.3%), 0.3%, 840 g (2%) and 520 g (3.4%) observed in vivo. The largest difference observed in the in vivo body composition comparison was in the higher estimation of TBTissue with the Prodigy. These differences were not related to the magnitude of the parameter.
Although the mean difference for %TBF was only 0.3% because of the higher value of TBTissue, significantly higher values of TBLean and TBF were observed. Therefore, the derived cross-calibration equations and factors should be applied for longitudinal body composition studies continued on the Prodigy. The difference observed in TBTissue in this study was not observed by , whose values for Prodigy TBTissue and %TBF were 67.3 kg and 35.3% compared with DPX-IQ values of 67.0 kg and 35.5%, indicating that the Mazess patient population was heavier with a larger fat mass than the patients in this study. Further research is necessary to determine if the disparity of TBTissue observed in this study is due to a machine miscalibration or a population effect.
The use of the VCP to derive an in vitro cross-calibration factor for %TBF resulted in a different factor being derived: 1.024 than that observed in vivo: 0.986. This was because of the DPXL measuring higher values for %Fat for all five combinations of the VCP. One factor that may contribute to this is that standard analysis mode should be used for the DPXL analysis of the VCP, as recommended by the manufacturers. In light of these findings, we would recommend the use of the in vivo correction factor derived in equation (6) above. Further work needs to be carried out in order to make the VCP more reflective of these in vivo findings. In this study, the extended research analysis mode was used as this mode is incorporated in the Prodigy analysis mode.
The total body phantom demonstrated a different relation for bone than observed in vivo; however, soft tissue analysis was comparable to that of the subject group. The inability of the VCP to reflect the in vivo analysis of %TBF indicates that both of these phantoms may only be useful in the crosscalibration of densitometers of the same design and manufacturer.
In conclusion, no correction factors need to be applied for lumbar spine and total body BMD; however, a small correction is required for femoral neck BMD. Hence, reference data accumulated on pencil-beam densitometers can be used as reference data for the Prodigy. Body composition correction factors need to be applied until the difference observed in TBTissue can be clarified. Futher crosscalibration studies are required to evaluate a comparison of the paediatric measurement modes between the two densitometers.
